Environmental risk assessment of chemicals depends on the production of toxicity data for surrogate species of mammals, birds, and fish and on making comparisons between these and estimated or predicted environmental concentrations of the chemicals. This paper gives an overview of biomarker assays and strategies that might be used as alternatives, that is, to replace, reduce, or refine currently used ecotoxicity tests that cause suffering to vertebrates. In the present context a biomarker is a biologic response to an environmental chemical at the individual level or below which demonstrates a departure from normal status. Of immediate interest and relevance are nondestructive assays that provide a measure of toxic effect in vertebrate species and that can be used in both laboratory and parallel field studies. A major shortcoming of this approach is that such assays are currently only available for a limited number of chemicals, primarily when the mode of action is known. Nondestructive assays can be performed on blood, skin, excreta, and eggs of birds, fish, reptiles, and amphibians. An interesting recent development is the use of vertebrate cell cultures, including transgenic cell lines that have been developed specifically for toxicity testing. The ultimate concern in ecotoxicology is the effects of chemicals at the level of populations and above. Current risk assessment practices do not address this problem. The development of biomarker strategies could be part of a movement toward more ecologic end points in the safety evaluation of chemicals, which would effect a reduction in animal tests that cause suffering. Environ Health Perspect 106(Suppl 2):613-620 (1998). http.//ehpnetl.niehs.nih.gov/docs/1998/Suppl-2/613-620walker/abstract.html
Introduction
During the last 50 years great advances have been made in the field of analytical chemistry. The development and refinement of techniques such as gas chromatography, mass spectroscopy, and atomic absorption has facilitated the detection and determination of ever smaller residues of organic and inorganic pollutants in air, water, soil, sediments, and biota. Thus there has been a growing awareness of the widespread contamination of the environment by a wide variety of chemicals because of the activities of humans. Although the levels of chemicals have usually been very low, reflecting the increasing sensitivity and sophistication of analytical instruments, the complexity of pollution patterns has also been evident. In response to political pressures arising from mounting public concern, a great deal of analytical work has been done on environmental samples, and there now exists a huge amount of data on environmental levels of organic and inorganic chemicals. There is, however, one fundamental problem: very little of this data can be interpreted in biologic terms. The harmful effects of these chemicals on living organisms remain largely unknown.
Central to the disciplines of toxicology and ecotoxicology is the concept of dose response. The interpretation of residue data from the field depends on organisms, which is the principle on which the biomarker approach is based (1) (2) (3) (4) . This paper will review the application of biomarker strategies in the field, noting the difficulties in comparison of dose-response data from the laboratory with dose-response relationships measured in the field. Destructive biomarker assays for vertebrates will be mentioned only in passing. Emphasis will be given to nondestructive assays for vertebrates and to assays using invertebrates.
Concepts
The Biomarker Concept
In this paper a biomarker is defined as a biologic response to an environmental chemical at the individual level or below which demonstrates a departure from normal status (5) . The response may be at the molecular, cellular, or whole-organism level. Changes at the level of population, community, or ecosystem are not included in this definition, although they are the ultimate concern of ecologists when applying the biomarker concept. The relationship between biomarker responses of individual organisms and consequent effects at the levels of populations and above will be discussed later. The biomarker concept is illustrated in Figure 1 (3 (10, 11) .
In considering individual organisms, the toxicity of a mixture usually approximates to the sum of the toxicities of its individual components. However, the major concern in the present context is potentiation, where toxicity is substantially greater than the sum of individual toxicities. A recent novel approach to the problem under discussion is the use of in vitro biomarker responses to aid the process of environmental risk assessment. A pertinent example is the use of a transfected cell line that has a reporter gene e.g., the chemically activated luciferase gene expression (CALUX) system, which will be discussed in "Use of Cell Cultures" (16) . This kind of system can be useful for providing an integrated response of a biochemical site of action after exposure to a mixture of related chemicals.
Biomarker Strategies in the Field
In environmental risk assessment, comparisons are made between measured or estimated environmental concentrations and estimated environmental toxicity (17) .
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Both of these elements are extremely hard to determine with any degree of accuracy. The objective of the biomarker approach, on the other hand, is to give evidence of environmental exposure and consequent toxic effects. The extent to which an organism is actually exposed to a known environmental concentration comes into question. This is relatively easy to address for aquatic organisms when a pollutant is dissolved in water. It is harder to determine for residues in sediments because their availability is often uncertain. In the terrestrial environment, a residue of a pesticide on a seed may or may not be taken up by a bird. Much depends on the feeding behavior of the bird.
When (19, 20) . With these controlled studies it is possible, in theory, to have properly replicated experiments. However, this depends on circumstances, and with relatively extensive studies involving vertebrates may not be practically possible (20 (28) .
There has been considerable success in developing assays for genotoxicity in medical toxicology. PAHs, for example, form adducts with the DNA of white blood cells (using techniques such as 32p postlabeling) and also with hemoglobin of red blood cells (29) . Assays have also been developed for measuring DNA strand breaks (alkaline unwinding assay and Comet assay). These assays are being used in ecotoxicologic studies, albeit usually on tissues such as liver after destructive sampling. Although some adducts can lead to mutation and consequent toxic damage e.g., carcinogenesis, there is not yet a clear relationship between this biomarker assay and toxic effect.
Briefly, exposure to lead can be measured by aminolevulinic acid dehydratase inhibition and changes in blood porphyrins (30) can be caused by a number of chemical agents (Table 1) .
SKIN AND OTHER TISSUES TAKEN BY
BIOPSY. Both residues of persistent chemicals and cytochrome P450 have been measured in samples of skin taken from animals. Currently this approach is being followed in a study of dolphins from which skin samples are taken by a dart (33) . In principle it is also possible to sample other tissues by biopsy e.g., liver samples, to perform biomarker assays. The assays for genotoxicity mentioned above may be performed on such samples. Levels (32) . Nuclear magnetic resonance spectroscopy has also been used to detect changes in urinary components (34, 35) .
Invertebrates. Molecular biomarker assays in invertebrates have been implemented to a limited extent. Much of the early work with them has involved the adaptation of biomarker assays (e.g., induction of cytochrome P450), which are well established in vertebrates. However, it has become rapidly apparent how invertebrates can differ and vertebrates (35) , and there is clearly a need for more fundamental work on the biochemical toxicology of invertebrates (aquatic and terrestrial) if this field is to prosper. Work of this kind has been conducted with the edible mussel (M edulis). Studies with digestive gland microsomes have produced evidence of induction of a form of cytochrome P450 by PAH (36) .
Studies have also been done with Carcinus spp. (15) . Exposure to benzo[a]-pyrene (B[a]P) caused an increase in the B[a]P monoxygenase activity in microsomes from the hepatopancreas; this was associated with an increase of a protein band (48 kDa) resolved by sodium dodecyl sulfate-polyacrylamide gel. Purification of this protein has been carried out to determine if it is a form of cytochrome P450. A major objective of this work is to obtain an antibody to an individual form of P450 that can then be used in an immunochemical biomarker assay for Carcinus spp. and other aquatic invertebrates.
There have also been reports of DNA adduct formation by Mytilus galloprovincalis when exposed to PAH (37) .
Use of Cell Cultures. This is a relatively new approach to the use of biomarker strategies. An example of particular interest and importance addresses the problem of the combined effects of mixtures of organohalogen compounds that cause aryl hydrocarbon (Ah) receptormediated toxicity (16, (38) (39) (40) . One of the most widely used destructive biomarker assays is the induction of hepatic microsomal cytochrome P450 lAI and associated activity (ethoxyresorufin deethylase) caused by coplanar PCBs, polychlorinated dibenzodioxins (dioxins), polychlorinated dibenzofurans, and certain PAHs. This induction follows the interaction of the pollutants with the so-called Ah A number of studies have demonstrated induction of P450s in fish hepatocytes, including those of rainbow trout (Salmo Gairdneric) and flounder (Platychthisflesus) (41) (42) (43) . A recent example of this approach involves the use of primary culture of salmon (Salmo salar) hepatocytes exposed to pollutants (44 assays that can be used in blood, which is relatively easy to obtain from certain species in the field. Although little used as yet, there is considerable potential for the development of assays using excreta and tissues taken by biopsy. The eggs of birds, amphibians, and reptiles are readily obtained and could be much more widely used for biomarker studies.
A very interesting, although largely undeveloped, area is the use of in vitro methods. The CALUX system, which can measure the interaction of combinations of chemicals with the Ah receptor, is a pertinent example (38, 40) . Cell cultures derived from species being studied in the field can be used. These may carry the sites for action and certain of the detoxifying/activity enzymes relevant to particular types of pollutant. However, the extrapolation of in vitro data to in vivo is not a simple matter even for the same species (9) . In vitro methods may give valuable information on hazards of environmental chemicals to wild vertebrates, but they cannot be expected to give reliable predictions of effects on individuals, let alone populations, with our present state of knowledge.
Biomarker assays for invertebrates are still in an undeveloped state. Whereas rapid progress in medical toxicology has paved the way for biomarker assays in other vertebrates, invertebrates have proved very different in critical aspects of their biochemistry and physiology, making progress difficult and slow. For example, antibodies raised to mammalian forms of cytochrome P450 did not recognize P450s of certain invertebrates (15) . Also, the funding for work on invertebrates has been very small in comparison to the support given to biomarker studies in medical toxicology. Biomarker studies on invertebrates are of particular importance when considering effects of chemicals on communities and ecosystems because of their strong representation in lower trophic levels. Their value in measuring or predicting effects of chemicals on invertebrates is, however, limited. Because they are so different biochemically, they cannot be regarded as simple surrogates for vertebrates when considering biomarker responses related to toxic effect. They can, however, provide useful indications of exposure of vertebrates to pollutants in the natural environment. In aquatic ecosystems they can give indications of available pollutants in the water column. They also give some indication of the residue burden that will be passed on to vertebrates that prey on them.
In conclusion, nondestructive biomarker assays on vertebrates that make appropriate comparisons between laboratory and field provide a logical approach to the assessment of the environmental effects of pollutants, which has already proved its worth. Such assays are of most value when they can be used across a range of species. Specificity for a particular type of chemical is desirable; for a particular species it is too limiting. In vitro assays with vertebrate material hold great promise, but are at an early stage of development and will always raise the problem of extrapolation to in vivo. Finally, invertebrate biomarker assays are of fundamental interest in regard to assessment of pollutant effects at the levels of community and ecosystem. They are potentially valuable for giving measures of exposure of vertebrates to pollutants in the natural environment. The development of biomarkers for invertebrates and in vitro biomarkers for vertebrates is at an early stage. Biomarkers have the potential to greatly advance our knowledge of the environmental effects of chemicals on animals. However, this would require considerable investment as part of a long-term strategy.
